Mate leaves, Ilex paraguariensis, an important natural product in South America, are also known for their anti-inflammatory, therapeutic, anti-rheumatic, stimulant, and diuretic properties [1] [2] [3] . I. paraguariensis is extensively cultivated in South Brazil due to it being a well appreciated non-alcoholic beverage, which has a cultural context in South America. However, the extracts of mate tea leaves are also recognized as a rich source of antioxidant phenolic acids [4, 5] used for pharmaceutical purposes. Other important constituents identified in the extracts are saponins and alkaloids [6] .
The alkaloids act as stimulants of the central nervous system, muscles, and circulatory systems in humans [7] . The alkaloids, such as caffeine, theophylline, and theobromine are natural components of mate tea leaves [2] . There are many reports on the identification of purine alkaloids from I. paraguariensis [6, 8, 9] . Extraction of these compounds is potentially attractive because of their financial value, as well as for the production of methylxanthine-free products for human consumption [2] . Supercritical fluid extraction is a technique used in separation processes, where the solvent usually used is not toxic, such as carbon dioxide. The supercritical fluid has properties such as high diffusivity, low viscosity and low surface tension, which confers to it attractive characteristics as a solvent for the extraction of components from the solid matrix [10] .
Advantages of the use of carbon dioxide under supercritical conditions are selectivity [6] and the non-degradation of thermolabile compounds [11, 12] . Furthermore, the carbon dioxide is non-toxic, non-explosive, readily available and low cost [9, 13] .
In this work, new experimental data are presented about the effects of temperature on the yield of extracts from mate tea leaves performed in a automated pilot-scale unit of supercritical extraction, carried out at 120 bar, and temperatures ranging from 50ºC to 70ºC. The major volatile chemical compounds are: 2-butoxyethanol, limonene, linalool, hexanoic acid, geranylacetone, and octanoic acid [14, 15] .
The mathematical modeling of the supercritical extraction has been achieved by several approaches. There are models based on the analogy of heat transfer phenomenon, and by applying Fick's second law of diffusion, which can be solved analytically. In these models, the particles of the matrix have a single geometric form and all particles are, at a given time, at the same extraction stage. Thus, an ideal extraction behavior is assumed for each single particle, neglecting their interactions [16, 17] . Some works regarding the mathematical simulation used the kinetic model to describe the supercritical extraction [18, 19] . This kind of model has a strong empirical character, and can be useful when information about mass transfer mechanisms and the equilibrium relationship are missing [12] .
Another approach is performed by establishment of the differential equations based on the mass transfer in the solvent fluid phase and in the solid phase along the bed. Models based on differential mass balance have been widely used to describe the supercritical extraction. Differential equations are obtained from mass balances achieved over an infinitesimal element of the extractor according to a hypothesis frame. On the basis of different hypotheses, various models were constructed [20] [21] [22] [23] . The approach, based on differential mass balances along the extraction bed, requires mass transfer mechanisms and an equilibrium relationship. In models of this kind, there are parameters to be adjusted from experimental data [24, 25] .
In this work, the model proposed by Sovová [20] is used to describe the supercritical extraction process. In this model, four unknown parameters are adjusted. To evaluate them, a numerical procedure was adopted generating values to be discussed.
Mathematical modeling
The mathematical model proposed by Sovová [20] was used to describe the extraction process. This model describes a situation when solvent flows axially with superficial velocity, U, through a bed of milled plant material in a cylindrical extractor. The solvent is solute-free at the entrance of the extractor. Pressure and temperature are assumed to be constant throughout the bed. The solid bed is homogeneous with respect to both particle size and initial distribution of solute. The solute is deposited in plant cells and protected by cell walls. However, some of the walls have been broken open by milling, so that some of the solute is directly exposed to the solvent.
The mass of oil contained initially in the solid phase, O, consists of the mass of easily accessible solute, P, and of the mass of inaccessible solute inside the solid-phase particles, K. The mass of the solute-free solid phase, N, remains constant during extraction. Amounts of solute are related to this quantity so the initial concentrations are calculated by Equation 1
[20].
( )
The material balance for an element of the bed are given by
where ε is the void fraction of the bed of particles, ρ s is the density of the solid phase, ρ is the density of the solvent, h is the axial direction, J is the interfacial mass transfer rate, x is the concentration related to solute-free solid-phase and y is the solvent-phase concentration related to solute-free solvent. Sovová solves the set of equations neglecting the first term in the fluid-phase balance, assuming the initial and boundary conditions to be
and assuming J(x,y) to be a function of the difference in concentration using a local mass transfer coefficient for both phases. Due to the assumption of accessible and inaccessible solute in the plants, the solution attained is related for three distinct periods [20,26]: (11) where e is the mass of extract in relation to N, q (=Q/N) is the specific amount of solvent and is obtained by multiplying time by the mass flow rate of solvent in relation to N ( q & ), Q is the mass of solvent, N is the mass of the solute-free solid phase, Z and F are the parameters of the fast extraction period, z w is the dimensionless coordinate of the boundary between fast and slow extraction, y r is the solubility, x 0 is the overall initial concentration in relation to the solute-free solid phase, and W and S are the parameters of slow-extraction period. The subscript m refers to the start of the extraction from inside the particles and the subscript n refers to the end of the extraction of easily accessible solute. Equation 4 is valid for q < q m ; during this period the easily accessible solute is extracted at the solvent entrance. 
Experimental
The plant material was provided by an industrial unit. The leaves were dried at 100 o C for 15 min, during which time the moisture content decreased from 5.6% to 1.5%. The essential oils were extracted using dried and milled leaves of Ilex paraguariensis. Milling was carried out using a cutting mill to provide an average particle diameter of 1.10 -3 m after cutting. A sample (0.1 Kg) was used for extraction of the oil in a Pilot Automated Equipment [27] . This was developed to work with carbon dioxide and co-solvents. The schematic diagram of the experimental apparatus can be observed in Figure 1 . It includes a positive liquid displacement pump (Thar P-200, USA) for solvent delivery (20-200 g/min), a 1000 mL high-pressure extraction vessel (B1), and a separator flask (B2). The extraction vessel is supplied with a heating jacket and an automated temperature controller. Heating tapes are used throughout the apparatus to maintain constant temperature in the extraction section. To ensure constant and steady solvent delivery the pump head is cooled by a circulating fluid, which passes through a chiller. Flow rates and accumulated gas volumes passing through the apparatus are measured using a flowmeter assay, 1-300 g/min (Thar 06618-2, USA). Ke (USA) micrometering valves (VC1) are used for flow control throughout the apparatus. Heating tapes with automated temperature control are also used around this valve to prevent both freezing of the solvents and solid solute precipitation following depressurization. Pressure in the extractor is monitored with a digital transducer system, Novus 8800021600, acquired from Novus Produtos Eletrônicos (Brazil) with a precision of ±1.0 bar. The temperature controller (TC) was connected to thermocouples (PT-100, with an accuracy of 0.5K).
The experimental yield of the I. paraguariensis essential oil, expressed on oil free basis, is shown in Table 1 . The bed height (m), diameter (m), and volume (m 3 ) were respectively 0.13, 0.06, and 0.000367. Liquid CO 2 , 99.9% purity was used for extractions and the flow rate of the solvent was 6.667x10 -4 kg/s.
The extraction model with four adjustable parameters described above was fitted to experimental curves. The estimated parameters for the mathematical model can be seen in Table 1 and the accuracy of this estimation in Figure 2 . It is possible to infer by the observation of the yield curves that progressive extraction is imposed on the solid phase with time. Furthermore, different solvent conditions result in different oil yields at the outlet of the extractor, but the mass transfer behavior is the same. Figure 2 shows the experimental extraction curves where the three extraction periods can be observed. The importance of the three steps was verified in the extraction of essential oil from mate tea leaves. Thus, the mass transfer mechanism depends on the external resistance as much as the internal resistance, depending on the period of extraction. The higher value to total yield was found at a temperature of 343.15K, under the operational conditions considered. In the experiments conducted, it was observed that there was an increase in yield with increases in temperature from 323.15K to 343.15K, using the pressure conditions described.
In the mathematical model it was necessary to adjust four parameters with experimental data: W -the parameter associated with the solid mass transfer coefficient, Z -the parameter associated with the fluid mass transfer coefficient, x k -inaccessible oil concentration inside the solid phase particles, and y r -solubility. An initial value for solubility was estimated from a common correlation to various vegetable oils [28] . The physical meaning of the adjusted parameters is important for the understanding of the model in order to provide a powerful tool for scale-up purposes.
The curves for mathematical model implementation are shown in Figure 2 . The ordinate represents the "e" parameter, the dimensionless extract quantity, and the abscissa represent the time extraction. We observe agreement between the mathematical model calculated and the experimental data. The little variations can be the result of the numerical method applied to adjust the parameters [29] , as well as the variations inherent with experimental data. All parameters increased as the temperature increased.
The W and Z transfer coefficients have similar behaviour with the increase of temperature. The W transfer coefficient has a lower value than that of Z, as expected, because the mass transfer in the solid phase is smaller than that in the fluid phase. It was observed that good results obtained for the extraction curves for the model depended heavily on the initial evaluation parameters used to start the numerical technique. In the present work these parameters were estimated by minimizing the sum of the square of the errors between the experimental data and the prediction from the model. To find the minimum, the Nelder-Mead simplex method [30] was used with the software Matlab version 6. The average absolute deviation between experimental data and calculated oil yield was 1.2%. An efficient milling operation diminishes the difficulty to access initial oil concentration, and increases the solid mass transfer coefficient and the fluid mass transfer coefficient [20], justifying the choice of leaf size in this study.
Supercritical extraction with carbon dioxide is an appropriate method for the separation of oil from I. paraguariensis. From experimental results, it can be verified that the supercritical extraction reveals better results for the yield at highest temperature. We point out that its limit must be controlled to avoid the thermal degradation of the compounds of I. paraguariensis. At the pressure condition -120 bars, the highest yield was obtained at 343.15K.
After the end of the extraction of easily accessible solute, the extraction rate reduces progressively and the curves tend to the maximum oil yield. This gradual decrease in the extraction rate is due to the exhaustion of the freely available oil and the mass transfer resistance turned to the intraparticle diffusion of the last fraction of oil.
Within experimental ranges, the extraction rates were found to be controlled by the external resistance, which is attributed to the mass transfer mechanism of the oil in compressed CO 2 , as well as by the internal resistance associated with diffusion in the solid-phase. The mathematical model proposed by Sovová [20] gives a good fit to the experimental data obtained in a pilot scale apparatus, despite the number of unknown parameters that must be adjusted.
Finally, the discussion and the results here presented intend to propitiate the enlargement of knowledge about the supercritical extraction of the essential oil from I. paraguariensis.
